The diversity of animal morphologies is thought to result largely from spatial or temporal variations in gene expression. Conversely, we explored here the extent of divergence in transcriptional expression patterns compatible with a common morphological output, the chordate larva. We compared two organisms that share a prototypical tadpole larval body plan but are separated by over half a billion years of divergent evolution: the zebrafish (Danio rerio) and the ascidian Ciona intestinalis, an invertebrate chordate belonging to the sister group of vertebrates [1] . The large databases of whole-mount in situ hybridization expression patterns available for these two species allowed us to carry out a systematic large-scale comparison of spatiotemporal expression patterns of 1103 groups of orthologous genes. We found an extensive overall divergence in gene expression profiles between the two species that was similar at all developmental stages and did not discriminate developmental regulators from their targets. The level of conservation in individual tissues, however, varied. Conservation of tissue-specific expression patterns was highest in tissues involved in locomotion, including muscle, notochord, and the central nervous system. Thus, a broad divergence in gene expression profiles is compatible with the conservation of similar body plans across large evolutionary distances.
Results and Discussion

A Pipeline to Compare Spatiotemporal Gene Expression Profiles across Evolution
Expression patterns in Ciona and zebrafish (Danio rerio) are classically described for each developmental stage of their normal development table, with species-specific anatomical vocabularies. Because the developmental stages and the anatomical ontologies differ between species, it is difficult to systematically compare expression patterns of orthologous genes. We thus first developed a pipeline to homogenize stages and annotations ( Figure 1 ; see also Figure S1 available online). We defined a temporal correspondence between ascidian and fish developmental stages by extending to ascidians the core bilaterian stages concept [2] . Each bilaterian stage extends between major, evolutionarily conserved, embryonic transitions and includes several species-specific stages ( Figure 1A ). This approach alleviates the difficulty of precisely mapping individual stages, often arbitrarily defined, in each organism. For each of the three core stages that we used (gastrulation, neurulation, and organogenesis), we defined a generic chordate ontology ( Figure 1B ) onto which we projected species-specific anatomical terms. Terms describing structures without homologs in both species (e.g., paired fins, which are not present in Ciona) were omitted.
This mapping strategy allowed us to describe in a unified format the expression profiles of 561 (4213), 580 (4133), and 2047 (6315) genes in Ciona (zebrafish) at the gastrula, neurula, and organogenesis stages, respectively. Transcription factors and signaling ligands constituted 37% of the genes for which we could compare expression patterns between the two species (5% in the total Ciona gene complement), reflecting the fact that these important regulators of development have been studied extensively in both organisms.
Global Overview of the Transcriptional Programs of Ciona and Zebrafish
We observed in both organisms a progressive spatial restriction of expression patterns with time (compare the ''Ubiquitous'' columns in ''Gastrula'' and ''Organogenesis'' in Figure 2A ). This spatial restriction occurred earlier in Ciona than in zebrafish, with 50% of genes with tissue-restricted expression at gastrulation in Ciona versus 10% in zebrafish. This result fits the proposition that fate restriction occurs earlier in Ciona [3] than in zebrafish [4] .
We next clustered tissues in each species on the basis of the relatedness of their transcriptional programs. For this, we considered the expression of each gene as a discrete character for tissues (a gene is expressed in the tissue or not) and used a parsimony argument to cluster together, with the PARS program [5] , tissues that expressed similar genes (see Supplemental Experimental Procedures). Reassuringly, this clustering recapitulated the known separation between ectodermal and endomesodermal germ layers during Ciona organogenesis (1662 tissue-restricted genes, Figure 2B ). Similar results were obtained via neighbor joining or UPGMA algorithms, except that the position of the epidermis was more variable (data not shown). For Ciona gastrula and neurula stages, the relationships between tissues were less clear, possibly owing to a smaller number of tissue-restricted genes at these stages (284 genes at gastrula, 388 genes at neurula; data not shown). In zebrafish, expected relationships between tissues could be found at all stages ( Figure 2B and data not shown), with the exception of epidermis at the organogenesis stage, which appeared surprisingly different from other ectodermal tissues ( Figure 2B ). The unexpected position of fish epidermis and variable position of Ciona epidermis as obtained via neighbor joining or UPGMA algorithms may reflect a biological reality, tree generation artifacts, or the difficulty to distinguish ubiquitous and epidermal labeling upon wholeembryo inspection: at stages where the epidermis does not cover the zebrafish embryo entirely (e.g., gastrula), this tissue grouped with other ectodermal tissues (data not shown).
We conclude that, with the possible exception of epidermal expression, the in situ hybridization data sets that we used and our reannotation pipeline are consistent with previous knowledge of the transcriptional programs in Ciona and zebrafish.
The Expression Patterns of Ciona and Zebrafish Orthologs Are Broadly Divergent
We next compared the expression profiles of orthologous genes between Ciona and zebrafish. We could obtain one or more zebrafish orthologs for 1570 (76%) of the 2079 Ciona genes with expression data for at least one bilaterian stage. Of these Ciona genes, 1103 had at least one zebrafish ortholog (655 had one, 228 had two, 220 had three or more) with expression data available for a matching stage. Of note, there was no relation between the efficiency of ortholog detection and the tissues in which genes were expressed. Overall, we could compare the expression profiles in Ciona and zebrafish of 265, 259, and 1082 groups of orthologous genes at the gastrula, neurula, and organogenesis stages, respectively (totaling 1103 distinct orthologous groups).
Differences in the expression of orthologs were quantified ( Figure 1C ) by using an expression distance that considers the hierarchical relationships between terms in the anatomical ontology: two genes expressed in distinct tissues of the same germ layer are considered to have more similar expression patterns than two genes expressed in distinct germ layers (see Supplemental Experimental Procedures for more details). With this metric, we plotted for each stage the distribution of all distances of expression between any in situ hybridization (ISH) from a Ciona gene and any ISH from any of its fish orthologs (explained in Figure S1 ). ISH expression patterns of orthologs are more similar than those of pairs of randomly associated genes ( Figure 3A ). The distribution of the expression distances between ISHs of orthologs, however, has a very high variance and widely overlaps with the distribution of the expression distance between ISHs of randomly associated gene pairs, indicating that most genes have diverging expression patterns between species. This result did not depend on the particular expression distance chosen (see Supplemental Experimental Procedures). Figure 3B shows two examples of orthologous genes with strongly diverging expression profiles in Ciona and zebrafish. The level of divergence observed was not altered when epidermal expression, possibly misannotated during zebrafish organogenesis, was ignored (data not shown). A broad divergence was observed even if we considered only the best matching ISH patterns between orthologs, instead of the whole distribution ( Figure S3 ). Finally, we tested the relationship between the tissues of both species according to their overall transcriptional program by using the same discrete character parsimony argument that we used for the species-specific trees. Tissues tended to group together by species rather than according to their homology. (See Figure 3C for organogenesis; data not shown for other stages. For comparison, Figure S4 shows a tree obtained with Ciona genes and shuffled zebrafish orthologs.) Muscle was the only tissue that showed a strong support for the conservation of its transcriptional program between the two species. Additionally, the phylumdefining notochord showed weak support (50% of the parsimony trees).
This surprising observed divergence in the transcriptional programs of two distant chordates could be due to our a priori mapping of homologous developmental stages, which does not take into account possible heterochronies in the development of ascidians and fish. We thus attempted to map stages between species according to the similarity of their transcriptional programs (see Figure S5 ). This strategy did not detect major global or tissue-specific heterochronies between the two species up to the larval stages, nor did it point to clear homologies between developmental stages. Finally, although some tissues (heart, gut) only differentiate in Ciona after metamorphosis, the juvenile program of Ciona and the organogenesis program of fish showed no detectable similarity ( Figure S6 ).
The teleost genome underwent three rounds of duplication since the split with ascidians. The divergence between orthologous gene expression patterns in fish and Ciona may thus stem from the subfunctionalization of fish paralogs, each inheriting only part of the expression pattern of their ancestral gene [6] . Within each Ciona/zebrafish orthologous group, zebrafish paralogs indeed showed distinct expression profiles, but they remained more similarly expressed among themselves than with their Ciona orthologs ( Figure S7 ; see one example in Figure 3B ). When merging the expression profiles of zebrafish paralogs, we observed a slight reduction in the distances to the expression profiles of their Ciona orthologs ( Figure S7 ). Thus, zebrafish paralog subfunctionalization partially contributes to the observed divergence between Ciona and zebrafish expression patterns. We noted, however, that homologous tissues still did not cluster on the basis of their transcriptional program when Ciona and merged zebrafish paralog expression profiles were considered ( Figure S8) . Furthermore, there is little correlation between the degree of conservation of expression within a particular Ciona/zebrafish orthologous group and the number of zebrafish paralogs with expression profiles it includes (Spearman rho = 20.14, p = 0.001).
We conclude that the broad divergence in the gene expression patterns observed between Ciona and zebrafish cannot be fully explained either by heterochrony or zebrafish paralog subfunctionalization. Interestingly, the overall similarity in gene expression patterns did not significantly change between gastrulation and organogenesis ( Figure 3A) , providing no support for the existence of a molecular signature for an extended phylotypic stage between vertebrates and invertebrate chordates.
The Expression of Regulatory Genes Is Not Significantly Better Conserved Than that of Their Nonregulatory Targets
The diversity of animal tissues and morphologies is thought to result largely from the action of large transcriptional gene regulatory networks [7] . A recent study analyzing putative direct targets of transcription factors known to be involved in hepatocyte formation in both mouse and human indicates that many targets for each factor are species specific [8] . A similar finding has been reported when comparing the temporal expression programs of two Drosophila species [9] . These and other findings suggest that the expression profiles of regulatory genes are better conserved than those of their target.
We thus compared the expression of Ciona transcription factors and signaling molecules, which have been carefully and specifically analyzed [10, 11] , to their zebrafish orthologs. At the organogenesis stage, regulatory genes constitute 30% of the 1082 orthologous groups that we analyzed. The expression patterns of these genes were more dynamic in Ciona than those of other genes, as measured by the tendency of ISH annotations of the same gene to differ at consecutive Ciona-specific stages (Figure 4 , ''Dynamics''). Although the expression patterns of regulatory genes appeared slightly better conserved than those of other genes ( Figure 4 , ''Conservation''), this may primarily reflect that their expression profiles were more carefully described: the ISH annotations obtained at the same species-specific stage in distinct experiments agreed better for regulatory genes than for other genes (Figure 4 , ''Consistency'').
A similar level of conservation in regulatory and nonregulatory gene expression is further supported by the observation that at the organogenesis stage, the 10% of genes with mostconserved expression showed no major Gene Ontology bias toward regulatory functions. Rather, the proportion of regulatory genes was similar through all ranges of expression conservation (e.g., from 40% of regulatory factors in the 90% worst-conserved to 50% in the 10% best-conserved). Thus, our results do not support an overall higher level of conservation for regulatory factors. We do not, however, rule out that small islands of network conservation, or ''kernels,'' may exist between ascidians and vertebrates, as proposed in [12] .
Conservation of Tissue-Specific Gene Expression Varies across Tissues
Further analysis of the 10% of genes with most-conserved expression revealed that muscle-specific genes clearly dominated (half of the best 10% overall), followed by genes specifically expressed in the anterior central nervous system (CNS) (20% of the best 10% overall), particularly within the regulatory genes (30% of anterior CNS genes within the 10% bestconserved regulatory genes). Conversely, Ciona genes specifically expressed in mesenchyme, endoderm, or epidermis were frequently found among the genes with poorest conservation of expression profiles.
To further test whether conservation of expression patterns may differ between tissues, we focused on genes with tissuespecific expression during organogenesis that confer their distinct properties to differentiated tissues ( Figure 5A ). Orthologs of Ciona muscle-specific and CNS-specific genes showed highest conservation of expression in zebrafish. Given that the major function of the nonfeeding Ciona larva is dispersion by swimming, it may be significant that the locomotory system (CNS and muscle) showed best-conserved tissue-specific expression, with the tail-stiffening notochord also showing signs of conservation. In contrast, expression patterns of fish orthologs of Ciona epidermis-specific, peripheral nervous system (PNS)-specific, and endoderm-specific genes were poorly conserved. The reasons for this poor conservation may differ between tissues. The differentiation status may differ, because the endoderm does not differentiate before metamorphosis in Ciona (but see Figure S6 ). Expression divergence may also reflect differing strategies to achieve similar aims. For instance, epidermis fulfills similar structural functions in ascidians and fish, but these functions may be achieved differently in the two taxa, because the protective layer secreted by the Ciona epidermis is a cellulose-based tunic specific to tunicates [13] .
Reciprocally, we finally analyzed to what extent the expression of zebrafish tissue-specific genes was conserved in their Ciona orthologs at the organogenesis stage ( Figure 5B) . Expression of zebrafish muscle-specific genes was conserved in Ciona. In other tissues, conservation was generally poor. Conservation of expression of anterior CNS-specific fish genes was particularly low. This asymmetry in conservation of the anterior CNS program ( Figure 5C ) coupled to the larger prevalence of genes expressed in this territory in fish than in Ciona (Figure 2A , right) may reflect that, since the divergence with their common ancestor, higher-order brain functions may have been either acquired by predatory fish larvae or lost in nonfeeding ascidian larvae.
Conclusions
This study constitutes to our knowledge the first large-scale comparison of precise spatiotemporal expression profiles between distantly related species of the same phylum. Our [23] are expressed predominantly in the central nervous system (CNS). The single Ciona arfip gene is expressed in the endoderm. Similarly, zebrafish lefty1 and lefty2 [24] are expressed asymmetrically in heart precursors (some ISHs also show expression in the notochord and anterior CNS, as exemplified by the figure of lefty1), and Ciona lefty [10] is expressed in the epidermis. (C) Expression-based co-clustering at the organogenesis stage of C. intestinalis and D. rerio tissues (bootstrap over 524 orthologous groups). Numbers indicate percentage of confidence in the branching. For better reading, some of the numbers (all < 30) in the innermost nodes were omitted.
conclusions extend previous studies that used cruder microarray analysis and compared more closely related species [9, 14] . They indicate that a striking evolutionary divergence, at all developmental stages, in the expression patterns of orthologous genes is compatible with the conservation of a common larval body plan. The heterogeneous patterns of tissuespecific conservation that we observed may explain why some previous studies suggested that genes with restricted expression patterns are under strong evolutionary pressure to preserve their expression [15] , whereas other studies suggested instead greater divergence rates in tissue-restricted genes [16] .
Small-scale studies offer many examples of the evolutionary conservation of transcriptional programs during development [17] [18] [19] , even between evolutionarily distant species [20, 21] . Given that it is thought that the evolution of transcriptional regulatory networks drives animal form, it is particularly puzzling that, overall, the expression of regulatory genes is not significantly better conserved than that of other genes between Ciona and zebrafish. It has been proposed that gene regulatory networks do not evolve homogeneously and that the conservation of a small minority of ''kernel'' networks may be sufficient to constrain body plans [12] . Reconstruction of developmental gene regulatory networks in ascidians and vertebrates is still in its infancy but points to the first candidate kernels [12] . The challenge ahead will be to characterize in detail these small islands of conservation in a sea of diverging network architecture and to test whether, and how, they account for the stability of animal body plans over considerable periods of time.
Experimental Procedures
Origin of Data Ciona whole-mount in situ hybridization (WMISH) annotations were downloaded from ANISEED (Ascidian Network for In Situ Expression and Embryological Data, http://aniseed-ibdm.univ-mrs.fr/), and zebrafish annotations were downloaded from ZFIN (the Zebrafish Model Organism Database) [22] (in both cases on February 9, 2009). Only ISHs corresponding to wildtype expression patterns were considered.
Data Analysis Pipelines and Methods
The detailed analysis methods used in this study are described in the Supplemental Experimental Procedures.
Supplemental Data
Supplemental Data include Supplemental Experimental Procedures, five tables, and nine figures and can be found online at http://www.cell.com/ current-biology/supplemental/S0960-9822(09)01856-9.
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